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DIRAC: Relativistic Electronic Structure

Dirac-Hartree-Fock 
module: O(N4)
Dirac-Hartree-Fock 
module: O(N4)

MO Integral 
Transformation 
module: O(N5)

MO Integral 
Transformation 
module: O(N5)

Coupled-Cluster 
module: O(N6)
Coupled-Cluster 
module: O(N6)

Dirac-Hartree-Fock module:
Multi-threaded (OMP), 
optimized.

Dirac-Hartree-Fock module:
Multi-threaded (OMP), 
optimized.

New Coupled-Cluster Driver:
High-level expression of 
coupled-cluster algorithms.

New Coupled-Cluster Driver:
High-level expression of 
coupled-cluster algorithms.

Integral Generation module:
Multi-threaded (OMP), fast.
Integral Generation module:
Multi-threaded (OMP), fast.

ExaTENSOR engine (OLCF):
Executes basic numerical 
tensor algebra operations on 
HPC nodes equipped with 
multicore CPU and Nvidia GPU 
accelerators.

Single-node backend:
TAL-SH library (OLCF)

Author: D.I.L.: 1.5 person-years
Open-source (~100K SLOC)

ExaTENSOR engine (OLCF):
Executes basic numerical 
tensor algebra operations on 
HPC nodes equipped with 
multicore CPU and Nvidia GPU 
accelerators.

Single-node backend:
TAL-SH library (OLCF)

Author: D.I.L.: 1.5 person-years
Open-source (~100K SLOC)

Computational challenges (coupled-cluster module):
➢ Memory bottleneck: Replicated storage of many tensors (on each 

process), disabling simulations in which these tensors exceed 
node memory

➢ Scalability bottleneck: Overreliance on disk I/O, limiting scalability 
to O(10) nodes

➢ No explicit multi-threading, MPI only
➢ No support for accelerators

Accomplishments:
➢ New coupled-cluster driver allows

high-level expression of equations
➢ Tensor storage and operations are 

delegated to a new library ExaTENSOR:
➢ Fully distributed storage of tensors
➢ Task-based execution of tensor 

operations (hierarchical)
➢ Multi-threaded execution on CPU
➢ Automatic offload to multiple GPU
➢ Fully asynchronous

➢ Multi-threaded Hartree-Fock
➢ Fast, multi-threaded integral generation

DIRAC team: Lucas Visscher, Hans-Jorgen Jensen, Andre Gomes, Michal Repisky, Stan Papadopoulos

OLCF-4 CAAR Program
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DIRAC: Relativistic Electronic Structure
DIRAC team: Lucas Visscher, Hans-Jorgen Jensen, Andre Gomes, Michal Repisky, Stan Papadopoulos
OLCF partnership: Dmitry Liakh (ExaTENSOR library)

OLCF-4 CAAR Program

# Sockets Time to solution, s

258 3271

514 2357

1026 2090

Smaller UF6 molecule (146 e-):

Code Section CPU only 
code *

GPU 
code

Speed-up

Integral
Transformation

7032 583 ~12x (~9x**)

Coupled-Cluster
Doubles

~88590 1507 ~58x (~45x**)

Time to solution (s): Smaller UF6 molecule (146 e-): 1026 sockets:

# Sockets Time to solution, s

1536 23324

2048 18468

Larger (UF6)2 molecule (292 e-):

* The CPU-only ExaTENSOR code is not optimized yet (expect up to ~5x faster)
** Adjusted value due to some differences in execution configuration
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Coupled-Cluster Theory

Electron correlation = Correlation
between hole-particle excitations
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DiaGen: Automated Design and Implementation
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Math Framework: Basic Tensor Algebra

• Formal tensor:                                         : n-D Array

    Full tensor:

    Tensor slice:

• Tensor addition:

• Tensor product:

• Tensor contraction:

Compute intensive (potentially)!

Parallelism!

Parallelism!

Few primitive operations:
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Math Framework: Tensor Decompositions

• Graphical (diagrammatic) representation:

    Matrix:                       Matrix*Matrix:

• Linear algebra: SVD is optimal in the 2-norm:

• Tensor (multi-linear) algebra: Many choices:

Canonical
polyadic

Tucker Tensor tree Tensor train
(ring MPS)
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Adaptive (+Hierarchical) Tensor Algebra

• Large tensor elements can become tensors 
themselves (higher resolution);

• Weak tensor slices can be compressed by 
lowering the resolution, up to a single 
(complex) number;

• Adapt to the calculated electronic state and 
available HPC resources;

• Should be better than just black-and-white 
discarding.

D.I.L. Int. J. Quantum Chem. 114, 1607 (2014); D.I.L. Mol. Phys. 116, 588 (2017)

Extrapolation of H/H2-matrix
algebra to TENSORS

Inspired by Multiresolution
Analysis
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Portable Software Architecture

Domain-Specific DataDomain-Specific OperationsDomain-Specific Algorithms

COMPUTE MEMORY

HARDWARE

PORTABILITY: Multiple targets, one code, maybe minor extension (not modification)

PERFORMANCE: Minimization/optimization of data movement to keep compute busy:
                              Optimal mapping of data and operations



10 ExaTensor

Portable Software Architecture

Domain-Specific DataDomain-Specific OperationsDomain-Specific Algorithms

COMPUTE MEMORY

HARDWARE is not encapsulated!

PORTABILITY: Multiple targets, one code, maybe minor extension (not modification)

PERFORMANCE: Minimization/optimization of data movement to keep compute busy:
                              Optimal mapping of data and operations

Hierarchical memory/compute

Hierarchical data/operations

COMPLEXITY!
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Portable Software Architecture

Domain-Specific DataDomain-Specific OperationsDomain-Specific Algorithms

COMPUTE MEMORY

HARDWARE

PORTABILITY: Multiple targets, one code, maybe minor extension (not modification)

PERFORMANCE: Minimization/optimization of data movement to keep compute busy:
                              Optimal mapping of data and operations

Hierarchical memory/compute

Hierarchical data/operations

HIERARCHICAL RUNTIME: Black-box HW encapsulationHints
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Portable Software Architecture

Domain-Specific DataDomain-Specific OperationsDomain-Specific Algorithms

COMPUTE MEMORY

HARDWARE

PORTABILITY: Multiple targets, one code, maybe minor extension (not modification)

PERFORMANCE: Minimization/optimization of data movement to keep compute busy:
                              Optimal mapping of data and operations

Hierarchical memory/compute

Hierarchical data/operations

DOMAIN-SPECIFIC VIRTUAL PROCESSOR: White-box
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Portable Software Architecture

HIERARCHICAL
COMPUTE

HIERARCHICAL
MEMORY

HARDWARE

HIERARCHICAL DOMAIN-SPECIFIC VIRTUAL PROCESSOR

HIERARCHICAL
INTERCONNECT

Portable domain-specific interface

Domain-specific co-design

Domain-specific algorithmic workload (e.g. hierarchical tensor algebra)
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Domain-Specific Virtual Processor
• Generalization, elaboration, and formalization of previous efforts 

• Explicitly structured runtime system that formally resembles a 
processor, but specialized to domain-specific workloads

• Virtualizes physical hardware by encapsulating it with a static 
virtual processing architecture best suited for domain algorithms

• Encapsulates a wide class of HPC architectures via a virtual node 
architecture template: Opportunities for co-design

• Understands the specificity of domain data, operations and 
algorithms: Better opportunity for optimization (performance)

• Domain algorithms are expressed once, either via a standalone or 
an embedded DSL, then compiled and executed (or interpreted)

• Debugging/profiling in terms of domain-specific abstractions
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Domain-Specific Virtual Processor Architecture
DS OperandDS InstructionDS Virtual ProcessorDS Unit

TA Unit TA Unit TA Virtual Processor TA Instruction TA Operand

DS Port

DS Operation DS Data

TA Operation TA Data

DS Microcode

TA Microcode
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Domain-Specific Virtual Processor Architecture
DS OperandDS InstructionDS Virtual ProcessorDS Unit

TA Unit TA Unit TA Virtual Processor TA Instruction TA Operand

DS Port

DS Operation DS Data

TA Operation TA Data

DS Microcode

TA Microcode

u-Decoder

Tensor
Cachel-Decoder

Encoder

Encoder

Decomposer

Dispatcher/Balancer

Encoder Encoder

ExaTENSOR-MNGExaTENSOR-MNG ExaTENSOR-WRKExaTENSOR-WRK

Decoder Encoder

Resourcer

Prefetcher Uploader

Dispatcher/Balancer

Computer
(Multicore)

Computer
(GPU)

Retirer

c-Decoder
Collector

Locator
Tensor
Cache

Retirer
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Global Virtualization: Hiding HPC Scale
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Global Virtualization: Hiding HPC Scale
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Global Virtualization: Hiding HPC Scale
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Global Virtualization: Hiding HPC Scale

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L2-DSVP

DDR3 CPU

GDDR5 GPU K20x

L1-DSVP L1-DSVP

L1-DSVPL1-DSVP

L0-DSVP



21 ExaTensor

Hierarchical Virtualized HPC Platform
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Recursive HPC System Virtualization
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Recursive HPC System Virtualization
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Recursive HPC System Virtualization
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Recursive HPC System Virtualization
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Node-Level Virtualization: Hiding Hardware

Domain-Specific Virtual Processor
(DSVP)

Domain-Specific
Instructions

Domain-Specific
Instructions
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Node-Level Virtualization: Hiding Hardware

Domain-Specific
Instructions

Domain-Specific
Instructions

TENSOR ALGEBRA DRIVER for Multicore CPU
and NVIDIA GPU: TAL-SH library:

(tensor algebra primitives = domain-specific microcode)

https://github.com/DmitryLyakh/TAL_SH.git

qbcd
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pai
bcd

pq
rs RLTsrqp  :,,,
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Hierarchical Dynamic Task Scheduling

O(1)
O(1) O(1)

Data storage granularity is decoupled from the task granularity
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ExaTENSOR: Software Layers

System-Level (Distributed) Processing Layer:
Recursive Dynamic Task-Scheduling Runtime

(OOP Fortran-2003)

Node-Level Processing Layer:
Basic Dynamic Task-Scheduling Runtime

(OOP Fortran-2003)

Asynchronous Numerical Library (TAL-SH):
Simple Dynamic Task-Scheduling

(C/C++)

Communication Layer:
Asynchronous 1-sided

(OOP Fortran-2003)

Mem. Management:
Allocate/Free/Buffers

(Fortran, C)

MPI
OpenMP & CUDA

Operating System (Linux), Low-level Runtimes, Drivers

Hardware (Multicore CPU + NVIDIA GPU)

Custom C Memory Allocator
Kernels

User-Level Tensor Operations API (OOP Fortran-2003)

TAProL: Tensor DSL & Interpreter (binding to any language)
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TAL-SH: Software Layers

TAL-SH Generic User Interface

Memory
Management

Data Transfer
Management

Execution
Management

Allocators Transferers
Threads,
Streams

KernelsTensor Data
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TAL-SH: Intra-Node Tensor Algebra Library

https://github.com/DmitryLyakh/TAL_SH.git

Single precision Double precision

Kepler K20x

Pascal P100
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TAL-SH in Quantum Circuit Simulations

https://github.com/DmitryLyakh/TAL_SH.git

Arxiv 1905.00444 (2019)
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Portable Scalable Scientific Computing
High-Level Math Model Specification
(e.g., Quantum Many-Body Method)

Elementary Algebraic Expressions
(Primitive Math Operations)

High-Level Domain-Specific Code

Domain-Specific Virtual Processor
(DS Code Interpreter & Task Parallel Runtime)

Computation Driver Libraries
(CPU, GPU, Phi, FPGA, etc.)

Communication & I/O Driver Libraries
(MPI, SHMEM, etc.)

External User Functions
(Custom Computations)

Static Hardware-Optimized
Computing Kernels

(Manual, Autotuned, Code Generation)

Just-in-Time Generated
Computing Kernels
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How to Build a DSVP
• Domain-Specific Microcode: Library-based implementation of domain-

specific primitives, plus auxiliary operations: Manual or generated code

• Resource Allocation Primitives: Building blocks for hierarchical memory 
management: Target-agnostic

• Data Transfer Primitives: Building blocks for data transfer between devices 
in the same node as well as between nodes: Target-agnostic

• Data Decomposition/Aggregation methods: User-provided

• Virtual Architecture Specification: Composition of the domain-specific 
virtual processor in terms of domain-specific virtual units with well-defined 
functionality: Domain-provided

DSL + Domain-Specific Virtual Processor

DSL + Code Generation + JITTarget-Agnostic Low-Level API

Domain Data and Algorithms

Hardware
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